Introduction
[2] The Atlantic Ocean is unique as it displays a basin wide meridional overturning circulation (MOC) (see, e.g., Schmittner et al. [2007] for a review). Long control integrations of climate models have been used to obtain insight into the dynamics of MOC variability [e.g., Delworth et al., 1993; Timmermann et al., 1998; Delworth and Mann, 2000; Latif et al., 2004; Knight et al., 2005 Knight et al., , 2006 . Such models simulate MOC variability on a wide range of timescales, from monthly to centennial. However, only a rudimentary picture exists about the dynamics of MOC variability from observations. In recent years, large efforts were made to improve the situation and results were reported by, for example, Kanzow et al. [2007] about the mean MOC at 26.5°N and by Cunningham et al. [2007] about its variability using a variety of measurements including the RAPID Climate Change array. In spite of this progress, the observational database remains poor, especially when addressing the characteristics of long-term MOC variability on decadal and longer timescales. Latif et al. [2004] showed a rather strong connection between indices of MOC and North Atlantic SST in a multicentury control integration of a climate model. This was followed up by Latif et al. [2006] , who reconstructed the relative MOC changes during the 20th century with observed Atlantic sea surface temperature (SST). They used the inter-hemispheric SST dipole, a pattern with opposite polarities in the North and South Atlantic [e.g., Folland et al., 1986] , as a fingerprint of MOC change and report strong multidecadal variability with an increase in MOC strength from the 1970s to the 1990s. This, although supported by forced ocean model simulations [Latif et al., 2007] , can be considered only as a very crude estimate of the multidecadal MOC variability. The bipolarity plays also an important role in paleo-climatic studies to explain the asynchrony of Antarctic and Greenland climate change during the last glacial period [e.g., Stocker, 1998; EPICA Community Members, 2006] .
[3] The strong multidecadal or even longer-timescale variability may mask anthropogenic climate signals which evolve on similar timescales. Latif et al. [2006] , for instance, concluded that expected anthropogenic weakening of the MOC may not be detectable during the next decades due to the presence of strong internal multidecadal variability. This may not only apply to the MOC itself but also to other potentially related quantities such as Sahel rainfall or Atlantic hurricane activity. Both are also characterized by pronounced multidecadal variability [e. g., Zhang and Delworth, 2006] , which may hinder early detection of an anthropogenic signal. One observation deserves attention in this context: while Northern Hemisphere sea ice extent exhibits a fast decline since the late 1970s, Southern Hemisphere sea ice extent does not show any sustained long-term trend and even slightly increased in recent years. We expect a considerable retreat of sea ice extent in both hemispheres by the end of the 21st century in response to global warming, but low-frequency MOC variability and related sea ice changes may have masked this up to present. Here we investigate the results from a multimillenial control integration of the Kiel Climate Model in order to explore the level of internally generated MOC variability up to centennial timescales, to identify the differences between multidecadal and multicentennial variability, and to discuss the implications for global change detection, specifically with respect to Northern and Southern Hemisphere sea ice extent.
Model and Data
[4] The Kiel Climate Model (KCM) described in detail by Park et al. [2008] consists of the ECHAM5 [Roeckner et al., 2003 ] atmosphere general circulation model coupled to the NEMO [Madec et al., 1998; Madec, 2008] ocean-sea ice general circulation model, with the OASIS3 coupler [Valcke, 2006] . No form of flux correction or anomaly coupling is used. The atmospheric resolution is T31 (3.75°Â 3.75°) horizontally with 19 vertical levels. The horizontal ocean resolution is based on a 2°Mercator mesh and is on average 1.3°, with enhanced meridional resolution of 0.5°in the equatorial region. KCM was integrated for 5000 years in total using the same model version described by Park et al. [2008] but with slightly different parameters. We consider here only the last 4000 years after skipping the initial 1000 years to account for model spin up. Annual data from the integration are used which were averaged to 5-year means for specific analyses.
[5] Model biases were discussed by Park et al. [2008] . Of particular importance here is the simulation of the MOC and sea ice. The maximum of the overturning stream function ( Figure 1a ) at 30°N amounts to about 14Sv (1Sv = 10 6 m 3 /s). Observational estimates at 25°N, however, reveal somewhat larger values of about 15.75 ± 1.6Sv [Schmittner et al., 2005] . We next compare the extremes of the annual cycle of sea ice extent. Minimum Arctic sea ice extent amounts to about 6 Á 10 6 km 2 and maximum ice extent to about 17 Á 10 6 km 2 , which favourably compares with the observational estimates given by Lemke et al. [2007] 
Multidecadal and Multicentennial Variability
[6] Surprisingly, the level of decadal to centennial variability in Northern Hemisphere surface air temperature (SAT) simulated by KCM is consistent with that obtained from the Mann and Jones [2003] reconstruction (not shown). This point will be discussed in a forthcoming paper. Here we focus in the following on the MOC variability. We computed first an index of the MOC strength as the maximum of the overturning streamfunction at 30°N. The annual index (Figure 1b ) has a mean value of 13.6Sv and exhibits rich variability on different timescales. MOC strength varies between about 11 -18Sv, and decadal to centennial variability is obvious with strong year-to-year fluctuations superimposed. The corresponding spectrum (Figure 1c ) is red up to centennial timescales, which is expected given the involvement of intermediate and deep ocean dynamics in MOC variability. At decadal timescales, a broad and statistically significant (above the 99% level) peak (relative to the spectrum of a fitted AR1-process) is seen at periods of about 50-100 years. Apparently, multidecadal MOC variability simulated by KCM seems to constitute a true oscillatory mode of the coupled oceanatmosphere system. A second region of enhanced variability is found at centennial timescales, with maximum power at periods of about 300-400 years. Whether or not the latter is a true oscillatory mode of the coupled system remains unclear, because the length of the integration does not allow the investigation of enough realisations. The two regions of enhanced power, however, are clearly separated from each other.
[7] Since we are interested only in long-term MOC variability, we averaged the annual data to 5-year means in the subsequent analyses. In order to separate the two types of variability we employ temporal filtering: first, a low-pass filter retaining variability with periods longer than 90 years is applied to investigate multicentennial variability (Figure 2a) , and second, a band-pass filter retaining variability with periods between 30 and 90 years to study multidecadal variability (Figure 2b ). Different statistical methods such as Singular Spectrum Analysis (SSA) were applied to separate the two types of variability, but the results did not change in any significant way. The corresponding standard deviations are: 1) annual MOC index = 1.02Sv, 2) band-pass filtered (multidecadal) index = 0.46Sv, and 3) low- pass filtered (multicentennial) index = 0.43Sv. Composites for the overturning streamfunction were computed using the filtered timeseries, applying a one standard deviation threshold. The high minus low composite for the multicentennial variability (Figure 3a ) yields an intensified North Atlantic Deep Water (NADW) cell that extends to deeper levels. The strongest change is simulated at 30°S, suggesting multicentennial MOC variability is driven in the Southern Hemisphere. The composite for the multidecadal variability shows a similar strengthening of the NADW cell (Figure 3b) . The maximum change, however, is simulated near 40°N suggesting a northern control of multidecadal variability, as in many other models.
[8] The SAT pattern associated with the multicentennial and multidecadal variability was computed using 5-year means by linear regression upon the corresponding filtered MOC timeseries. The SAT regression patterns (Figures 4a  and 4b ) support the picture that multicentennial variability is driven in the Southern Hemisphere, while multidecadal variability originates in the Northern Hemisphere. The multicentennial SAT pattern (Figure 4a ) has strongest loadings in the South Atlantic, with maximum changes of more than 2°C/Sv. Explained variances relative to the 5-year means are typically in the range of 10-20% in this region. The North Atlantic is mostly covered by weaker positive anomalies extending to about 60°N (please note the nonlinear scale). This pattern, although clearly dominated by the SAT anomalies in the South Atlantic, projects onto the inter-hemispheric Atlantic SST dipole described above. Explained variances in the North Atlantic, however, are generally low, with the exception of the region 40-50°N. The SAT pattern associated with the multidecadal variability does also project on the inter-hemispheric SST dipole but is clearly dominated by SAT anomalies in the North Atlantic (Figure 4b ). In comparison with the multicentennial pattern, the North Atlantic anomalies are much stronger relative to those in the South Atlantic and they extend farther north into the Arctic. Explained variances are rather small and generally well below 10%, except in a region extending from the Iberian Peninsula into the Tropics. The Atlantic SST-dipole index as defined by Latif et al. [2006] seems to monitor both types of MOC variability, although SAT generally exhibits a relatively bad signal-to-noise ratio.
[9] We next investigate the impact of MOC variability on sea ice, again by computing linear regressions (Figures 4c  and 4d ). The multicentennial MOC variability is connected to strong changes in Southern Hemisphere sea ice fraction (Figure 4c ). In the Weddell Sea, changes can amount to about 25%/Sv. The multicentennial variability in Southern Hemisphere sea ice extent is event-like (not shown), but clearly related to the multicentennial MOC variability, with explained variances of more than 20% in parts of the 
Discussion
[10] Pronounced multidecadal and multicentennial variability in the Atlantic meridional overturning circulation (MOC) is simulated in a multimillenial control integration of the Kiel Climate Model (KCM). Multicentennial MOC variability is controlled by Southern Hemisphere and multidecadal variability by Northern Hemisphere processes. The centennial-scale variability shares many common aspects with that found in previous ocean model studies [e.g., Mikolajewicz and Maier-Reimer, 1990; Pierce et al., 1995; Drijfhout et al., 1996; Osborn, 1997] , while the decadal-scale variability is consistent with that simulated in other coupled models [e.g., Delworth and Mann, 2000; Knight et al., 2005 Knight et al., , 2006 . Details on the mechanisms, specifically the coupled ocean-atmosphere-sea ice interactions will be given in a forthcoming paper.
[11] The results are important concerning anthropogenic climate change. Schmittner et al. [2005] estimated from climate model projections that the anthropogenic MOC weakening by the end of the 21st century will be of the order of 25% or about 4Sv. The anthropogenic signal, however, will be superimposed by internal low-frequency variability. Trend distributions from KCM indicate that the projected anthropogenic weakening is well within the range of internal variability over the next 50 years, when assuming a linear decline. A trend of ±4Sv/century, however, is not simulated. If the model results are realistic, other expected anthropogenic signals will be also masked by internal variability, especially in the Southern Hemisphere. The projected change of Southern Hemisphere sea ice extent in response to global warming [Meehl et al., 2007] , for instance, is of the same order of magnitude as the level of internal multicentennial variability in KCM. The forcing by stratospheric ozone changes or intrinsic decadal variability in the Southern Annular Mode (SAM), however, has also to be considered in this context. It is likely to be very hard to get good evidence of the existence of variability such as the multicentennial mode in instrumental or paleo-data. As such, we do not know how realistic the model's representation of this type of variability is. Nevertheless, the results show the potential for internally generated variability to be significant on these timescales, which are those of climate change. Finally, it is important to note the recent strong decline in Arctic sea ice may contain a strong contribution from internal variability, since the latter may also exacerbate anthropogenic climate change signals.
